In most branches of medical research, increasing larly rubbed ebonite rod Z. A glass rod Y rubbed use is being made of the techniques of electronic engineering. The main reason for this lies in the necessity to acquire a large amount of information from an experiment in a short space of time. It should be emphasized that the use of electronic equipment can never be a substitute for careful planning. The aim of this series of articles is to help the research worker, in particular, to acquire a background knowledge of medical electronics. This should enable him to make the best use of the apparatus at his disposal, and to rectify simple faults. Some idea of what is possible with electronic techniques will also allow him to take the best advantage of any assistance which may be available from physicists or electronic engineers.
ELECTROSTATICS
More than 2,000 years ago, it was discovered that amber attracted light particles when it was rubbed. Other substances such as glass were also found to possess a similar power of attraction when rubbed, and these substances were said to be electrified, or charged. This phenomenon was called "electricity" after the Greek word for amber. The electricity of this kind is stationary on the rubbed substances, and this branch of the subject is thus called electrostatics. "Electrostatics" may well conjure up happy schoolday memories of rubbing a cat skin with a glass rod. However, the elimination of static electrical charges is of great importance in operating room practice, as the resulting sparks may ignite inflammable gas mixtures. Condensers, which are essential components of electronic circuits, carry static electricity on their plates, as do the deflection plates of a cathode ray tube. The operation of the Van der Graaf high voltage generator used in radiotherapy departments is also based on electrostatic principles.
An ebonite rod X rubbed on fur repels a simiwith silk, however, attracts Z. We therefore conclude that the electricity on Y and X are opposite in nature. The name of negative electricity is given to the charge on the ebonite rod, and positive electricity to the charge on the glass rod. The nature of the charge acquired by a rubbed object depends on the rubbing material as well as the object. From observations on the force between charged rods we always find that like charges repel, unlike charges attract.
In electrical experiments, a class of substances is encountered which will pass, or conduct, electricity easily. These are known as "conductors". There is also a class which will conduct electricity only with great difficulty; these are known as "insulators". In addition, there is a very important class having conductivities lying between conductors and insulators; these are known as "semiconductors".
Sir J. J. Thomson in 1897 discovered the existence of a particle known as an "electron" inside the atoms of all substances, and experiment shows that the electron carries a negative charge. Normally, atoms contain an equal number of positive and negative charges. The positive charges are concentrated in the nucleus of the atom which is surrounded by the appropriate number of electrons, which are moving in orbits around the nucleus. When a glass rod is rubbed with silk, the friction transfers some of the electrons on the surface glass atoms to the silk, which acquires a negative charge. Since the rod was originally uncharged, it is now left with a positive charge equal in magnitude to the negative charge on the silk. Substances which conduct electricity, such as metals, are distinguished by-having some "free" electrons in their atoms: these free electrons are mobile and thus have greater freedom of movement than the electrons in insulators which are "bound" to a particular atom.
CURRENT ELECTRICITY: CIRCUIT PRINCIPLES
Towards the end of the eighteenth century the Italian scientist Galvani observed the twitching of a dead frog's leg when it was touched by two unlike metals. Volta, a friend of Galvani, concluded correctly that the effect was due to electricity, and arose from the combination of the salt solution in the frog's nerves and the two unlike metals. This led him to produce a battery consisting of a series of copper and zinc discs placed alternately, with cloth soaked in brine between the discs. The first and last plates of the series form the output connections of the battery, the copper plate being known as the positive terminal or "pole", and the zinc plate as the negative pole.
If a wire is connected across the poles of the battery, the wire becomes warm. An "electric current" is said to be flowing along the wire. This current is due to a drift of the electrons in the atoms of the wire in one direction. The practical unit of current is the ampere; this represents a flow of 6x 10' 8 electrons per second past a given point of the wire. The practical unit of quantity (amount) of electricity is the "coulomb"; it is the amount of electricity carried past a given point in a wire in 1 second, when the current flowing is 1 ampere. Thus, if a current of I amperes flows in a wire, the quantity of electricity Q, passing a point in the wire in t seconds is Q = I x t coulombs.
In order to cause electrons in a wire to drift in one direction we must set up a difference of electrical "pressure" across the ends of the wire. This is analogous to the pressure difference needed to force water along a pipe. Under these conditions an electrical "potential difference" is said to exist between the ends of the wire. The battery and the dynamo are devices which create a potential difference between their poles or terminals. The practical unit of potential difference is the "volt". A small torch battery would produce about 3 volts.
Ohm, in 1826, completed an extensive series of measurements on the flow of electricity along metals. This led to the formulation of Ohm's Law, which states: "The ratio of the potential difference (V) between the ends of a conductor to the current (I) flowing in it is always a constant, provided the physical condition of the conductor (such as temperature) remains constant." The constant ratio V/I, was called by Ohm the "resistance" of the conductor, because the higher the resistance the smaller the current that will flow, for a given potential difference. We now have the three relationships: R=V/I, I=V/R and V = LR. When using them I must be expressed in amperes, V in volts and R in ohms. Smaller units of current are the milli-amp (mA), which is one-thousandth of an ampere, and the micro-amp (/^A) which is onemillionth of an ampere. Smaller units of potential difference are the milh'-volt (mV) which is onethousandth of a volt, and the micro-volt (/*V) which is one-millionth of a volt. Smaller units of resistance are the milli-ohm and microhm. Larger units of resistance are the kilo-ohm (1,000 ohms) and the megohm (1,000,000 ohms).
VOLTAGE AND CURRENT MEASURING INSTRUMENTS
The ammeter is a current-measuring instrument, and it must always be placed directly in (in series with) the circuit concerned. A milli-ammeter and a micro-ammeter are used for measuring currents of the order of milli-amps and micro-amps respectively. A galvanometer is used to measure very small currents of the order of fractions of a microamp. As an example, a galvanometer is frequently used in conjunction with a thermocouple to measure body temperature.
These current-measuring instruments contain a coil of wire suspended between the poles of a powerful magnet. The coil rotates when a current flows through it, and a pointer arm attached to the coil sweeps over a scale. The more sensitive galvanometers employ a beam of light in place of a pointer. The angular deflection is proportional to the magnitude of the current. The coil resistance of an ammeter must be low compared with that of the circuit in which it is placed, otherwise its introduction will reduce the circuit current appreciably. The resistance of a 1 mA meter would be of the order of 75 ohms. Figure 1 shows the positions of an ammeter and a voltmeter in a simple circuit. For use in electronic circuits, the resistance of the voltmeter may be of importance. For general-purpose working the full-scale current drawn by the voltmeter could be 1 milli-amp; by Ohm's Law the effective resistance of the meter would be 1,000 ohms per volt measured. For use in electronic circuits where high resistances are commonplace, a full-scale meter current of 50 micro-amps, giving an effective resistance of 20,000 ohms per volt, would be usual. In figure 1 , let the battery apply 20 volts across the combination of the rheostat and the resistance R. Let the resistance of the rheostat be 10,000 ohms and that of R be 10,000 ohms. Neglecting the voltmeter resistance, the current through the resistances is 20/20,000 amps, i.e. 1 mA giving a potential difference across the 10,000-ohm resistance of 10 volts. The effect of placing resistances in series and in parallel will be dealt with in the next section. It can be shown that the effect of placing a 1,000 ohms/volt voltmeter across the 10,000-ohm resistance is to reduce the apparent resistance to 5,000 ohms and thus reduce the measured potential difference to 6.7 volts from its original 10 volts. A 20,000 ohms/voltmeter would read 9.75 volts. Thus it can be seen that for accurate measurements, a voltmeter must have a high resistance compared with the resistance" across which it is placed.
Resistances in series and parallel. Figure 2a shows two resistances R,, R 2 connected in series. The same current flows through each, and the combination is equivalent to the sum of the resistances i.e. R=R,+R 2 . This rule holds for any number of resistances. Such an arrangement is often used to tap off a fraction of a voltage. In figure 2(a) the following relation holds:
Output voltage = Input voltage x ' K, +K 2 This simple relationship assumes that the resistance of the device placed across R, is high compared with R,. If it is not, the calculation must be re-worked, taking account of the resistance of the device in parallel with R v . One often requires to construct potential dividers to connect the output of an infra-red gas analyzer or a pH meter to a recorder.
A voltmeter may be adapted to measure higher voltages by placing a "multiplier" resistance in series with it. Nearly all the voltage to be measured is then developed across the multiplier resistance. Figure 2(b) shows two resistances R 3 , R 4 arranged in parallel. The equivalent resistance of these two is R 3 .R,, R,+R 4 This formula is usually remembered as "product over sum". The equivalent resistance always has a value lower than the lowest of either of the two resistances. In order to extend the range of a milliammeter or micro-ammeter so that it can measure amperes, a low value "shunt" resistance is placed in parallel with the meter to divert most of the current.
E.M.F. and internal resistance.
The electro-motive force of a cell or dynamo is a measure of the total energy it can supply. The E.M.F. of a cell is defined as the potential difference existing between its terminals when the cell is supplying zero current, i.e. when the cell is in open circuit. In figure 3 the circuit is closed by the resistance R. Measurement now shows that the potential difference across R, of magnitude V, is less than the E.M.F. E existing before R is connected. The chemicals inside the cell possess an appreciable resistance r, and the circuit current flowing gives rise to a potential difference across this internal resistance. In order to be able to draw appreciable current from a cell, its internal resistance should be low. This is so in the case of a lead-acid or other accumulator. For a cell having a very high value of internal resistance, the potential difference measured at the terminals will be considerably lower than the expected E.M.F., if appreciable current is drawn from the cell. Such a case occurs in the glass electrode used for pH measurements. The internal resistance may be of the order of 100 megohms. The milli-voltage of the cell, which is proportional to pH, must be measured with some form of "electrometer" circuit which will draw negligible current from the cell. Electrometer circuits will be described in a later article.
USE OF A PRECISION D.C. POTENTIOMETER
The potentiometer is a device used to measure potential difference accurately by a null (no deflection) method. By means of a series of fixed resistance coils, and a slide wire for fine adjustment, a known voltage may be tapped off from an accumulator. When this known voltage is equal to the unknown voltage, then the galvanometer will show no deflection. The voltage calibration of the potentiometer is correct when a certain current flows through the resistance chain. To set up the instrument, the rheostat ( fig. 4) is adjusted until the voltage appearing at a special tapping on the chain equals the voltage developed by a Weston cadmium-mercury reference cell. At balance, no current is drawn from the circuit being measured. The potentiometer forms a convenient means of calibrating D.C. amplifiers. In conjunction with a standard resistance it may be used to calibrate current measuring instruments. The meter current is passed through the resistance, the potential difference across the resistance measured with the potentiometer and the current calculated by Ohm's Law. Voltmeters are checked by using a known voltage dividing network to reduce the voltage to a value which the potentiometer can measure. Some means of checking meters is most desirable in the laboratory. As will be described in a later article, new potentiometers are now available using semi-conductor circuit techniques which can measure from milli-volts to 500 volts. A servo-mechanism can be designed to adjust the potentiometer for balance automatically. Selfbalancing potentiometric recorders employ this principle, the Honeywell Brown series of instruments being well known. They are particularly well suited to the measurement of temperature in conjunction with thermocouples (Hill, 1959; Cliffe, 1962) . They are also used to display the chromatograms of anaesthetic mixtures from a gas chromatograph, and the response with time of oxygen polarographs and CO 2 electrodes. Chart widths of 6 or 10 inches are usual, with a response time of 1 second for full scale deflection. Chart speeds of 1 inch in 3 or 5 minutes are usual for this type of work.
VARIATION OF ELECTRICAL RESISTANCE WITH TEMPERATURE
When an electric current flows through a resistance, heat_ is generated. The heat produced in watts is given by W=P x R, where I is the steady current and R the resistance. Manufacturers quote a maximum wattage dissipation for each type of resistor, and it is important when designing circuits not to exceed this rating. For a metal the resistance R t at temperature t°C, is related to the resistance R<, at 0°C by a formula of the type R t =R» (l+at + /3t
2 ). Over a small temperature range (3 may be negnected. The change in resistance of a nickel or platinum wire coil with temperature forms the basis of the electrical resistance thermometer often used for measuring body temperatures. When accurate resistances are required in circuits, the variation of resistance with temperature must be minimized. Wire-wound resistances are made from special low temperature coefficient alloys such as Eureka and Nichrome.
THE WHEATSTONE BRIDGE NETWORK FOR THE

MEASUREMENT OF RESISTANCE
The network is conventionally drawn in a diamond form as in figure 5(a). P, Q are known resistances, the ratio arms, the ratio P/Q being accurately known. S is a standard decade resistance box, and R the resistance to be measured. The battery key is first closed, and then the galvanometer key, and S adjusted until the galvanometer deflection falls to zero. When this happens R=PS/Q. valve voltmeters, transducer circuits and pen amplifiers.
CONDENSERS
A condenser is an arrangement for storing a quantity of electricity. The simplest type of condenser consists of two parallel metal plates separated by air. An electrical charge can be placed on the plates by connecting a battery across them. The capacitance of such a condenser is directly proportional to the common area between the plates, and inversely proportional to the separation of the plates. The capacitance can also be increased by placing insulating substances other than air between the plates. Thus with mica between the plates, the capacitance would be some five times greater than for a similar arrangement having air between the plates. Silvered mica condensers are regularly encountered where close capacitance tolerances are required. The normal tubular condensers used in electronic circuits consist of two sheets of thin paraffin-waxed paper and two alternate sheets of aluminium foil rolled tightly together in the form of a cylinder. When very large values of capacitance are required as in low frequency decoupling and smoothing circuits (see later article), electrolytic condensers are used. These have two aluminium plates separated by a very thin, but stable, film of aluminium oxide. The polarity of such condensers, as shown by their positive and negative terminals, must be respected.
If a quantity Q coulombs of electrical charge is placed on a condenser, causing a potential difference V to appear across the plates, the capacity of the condenser C in farads is given by Q = VC, where V is in volts. The farad is too large a unit for electronic practice, and the usual unit is the micro-farad. Electrolytic condensers of from one to hundreds of micro-farads are common, as are tubular paper condensers of 0.1 or 0.01 microfarads. Smaller condensers are measured in picofarads, where one pico-farad is one-millionth of a micro-farad.
The charge and discharge of condensers.
In the circuit of figure 6(a) the condenser C is connected to the battery e via the resistance R. The voltage V, initially zero, across the condenser rises rapidly at first and then more slowly. The charging relationship is V=E (1 -e" t the time is in seconds. The product CR has the dimensions of a time in seconds when C is in micro-farads and R in megohms. The product CR is known as the time-constant of the circuit. If the initial slope of the charging curve is projected, it will cut tie line corresponding to the battery voltage at a time equal to the time-constant. After an interval of 1 time-constant the condenser will have charged up to 63 per cent of its final value. After 4 time-constants it will have reached 98 per cent. In figure 6 (b) the condenser is now discharged through a resistance R. The discharge equation is V = E.e~t /0K where t is in seconds. The projection of the initial slope cuts the zero voltage line to give an intercept of 1 time-constant. Both the charge and discharge curves are of a simple exponential form. A plot of log 10 V against time yields a straight line. Similar exponential curves occur when the volume in the lungs is plotted against time for the case of a constant pressure ventilator (Mushin et al., 1959) . The concept of a time constant is also of great importance in considering the uptake and elimination of volatile anaesthetic agents (Nunn, 1960) . Simple analogue computors have been designed, using condenser-resistance networks, to simulate uptake and elimination problems.
The formulae for the capacity of condensers in parallel and series are opposite to those for resistances. Thus if two condensers having capacities C,, C 2 are connected in parallel the resultant capacity is C, + C,. If they were connected in series the C C resultant capacity would be r ' '-. C,, C 2 must be measured in the same units.
Other aspects of this subject will be considered in subsequent articles. The next will be concerned with the effect of condenser-resistance networks on voltage pulses and with the theory of simple alternating current circuits.
